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Introduction
Piezoelectrics are a class of materials that can transfer mechanical to electrical energy and vice versa. This is possible due to the piezoelectric effect, which can be direct or converse. Piezoelectric materials play an important role for Micro-electro-mechanical systems (MEMS) and Nano-electromechanical systems (NEMS), аs a pressure sensors, actuators or energy harvesting devices [1] . Properties, such as high piezoelectric coefficient, good flexibility, biocompatibility and light weight, are some of the most important properties for MEMS applications [2] . Recently, one of the promising piezoelectric materials has been found to be polyvinylidene fluoride (PVDF). This material is very interesting for implementation, because of its easy processing, low-cost film fabrication and fulfilling of the above mentioned requirements for electrical, chemical and mechanical properties in MEMS [3, 4] . On the contrary, piezoceramics such as lead zirconate titanate (PZT), silicon carbide (SiC) and zinc oxide (ZnO) suggested similar properties, but the thin films fabrication is expensive and usually vacuum deposition processes are necessary [5] .
One of the applications of the piezoelectric materials is as active layer in piezoelectric transformer. Piezoelectric transformers, like magnetic devices, are basically energy converters. A magnetic transformer operates by converting electrical input to magnetic energy and then reconverting that magnetic energy back to electrical. A piezoelectric transformer has a similar function, however, it converts an electrical input into mechanical energy and subsequently reconverts this mechanical energy back to an electrical output [6] . These devices are typically manufactured using bulk piezoelectric ceramic materials, like PZT. The requirements of minimizing the size and weight of electronic devices have awoken the high potential of piezoelectric transformer in small power range applications [7] and the piezoelectric polymers, like PVDF, are of interest to be used in these applications.
The polymer PVDF is one of the most widely used piezoelectric materials in the fluoropolymer family. It is a long chain, semicrystalline polymer, having repeating (CH 2 -CF 2 ) unit and it is one of the polymers with at least three crystalline phases, responsible for its pyroelectric, piezoelectric and ferroelectric properties. PVDF can crystallize in a different way, depending on the growth condition. These different crystal structures include nonpolar α-phase (TGTG), polar β-phase (TTTT) and γ-phase (TTTGTTTG), depending on the chain conformations, as trans (T) or gauche (G) linkages. Piezoelectric effect appears only in β-phase of PVDF [8] .
For obtaining thin films of PVDF for MEMS device, granules of the material, dissolved in suitable solvent, such as methyl ethyl ketone (MEK), dimethyl formamide (DMF) or Dimethyl sulfoxide (DMSO), were used. Suitable fabrication techniques in this case are casting, spin coating and spray deposition [9] . According to studies [10] and [11] , thin PVDF layers with high uniformity and in-situ piezoelectric phase formation without additional post-treatment procedures, can be produced by spray deposition. Therefore in the present work, the PVDF films are deposited by the same technique. The aim of the paper is to demonstrate ability of PVDF to serves as efficient piezoelectric transformer with performance comparable to the existing piezoceramics based transformers, but with significantly decreased losses.
Experimental work
PVDF transformer fabrication. The piezoelectric transformer with thin PVDF layer was obtained on polyethylene terephtalate (PET) substrate. This material was chosen, because of its flexibility and necessity to transfer additional vibrations to activate PVDF for maximum efficiency from the piezoelectric properties. The PET substrate is stable at temperatures up to 110°C. This feature determines the maximum allowable deposition temperature during spraying.
On the substrate aluminum (Al) film was deposited by thermal evaporation in vacuum chamber A400-VL Leybold Heraeus at basic vacuum level 10 -5 Torr for bottom electrode. The same material and technique was used for obtaining of the top electrode. The entire structure is shown on Fig.  1 [12] .
Fig.1 Fabricated piezoelectric transformer -the sample consists of 2µm PVDF layer on PET substrate with Al top and bottom electrodes
The thickness of the electrodes was 200nm, measured by Alfastep Tencor 100. The next step, after receiving the bottom electrode, was deposition of thin polyvinylidene fluoride layer (PVDF). The layer is obtained by spray deposition technique. PVDF granules, having weight of 1.5 grams (5 mm diameter grains purchased from Goodfellow) were dissolved in 25ml MEK in borosilicate glass vessel. The mixture was heated to 70°C (boiling point of MEK) for 2 minutes. The vessel was closed to avoid evaporation losses from the solution, and after dissolving of the grains, the solution was cooled down on its own to room temperature (25°C). To remove the insoluble polymer particles, the solution was filtered. Very important moment is the insoluble rests of the polymer to be removed immediately after cooling, because fast crystallization at the boundaries solid particles/solution is developed again. If the heating temperature is under the value of 70°C there is no solving process in the vessel [10] .
Generation of aerosols from the solution was done by experimental setup with atomizer, working with pressured air. On the setup there is a heater, which anneals the samples during the spraying [11] . It is possible to regulate the diameter of the nozzle, which enables formation of aerosol flow, consisting of fine droplets. The working air pressure was 3.8 bars [11] and the optimal temperature of the heater was 80°C. The thickness of the received thin PVDF layer was 2µm. All top aluminum electrodes are equal in size, respectively 2 mm x 7 mm.
Measurements of the PVDF transformer.
Before start of the measuring procedure, the samples were polarized at 3.5 V with stabilized DC power supply per 1 minute. The experimental set consists of functional generator, oscilloscope and measuring stand with needle-type contact probes, and microscope (Fig.2) .
Fig.2 The experimental set for piezoelectric transformer measurements
The functional generator is connected to the common bottom and one of the top electrodes (primary electrode) of the sample, forming in this way the input of the transformer. The output is formed between the common bottom electrode and one of the neighbouring top electrodes (secondary electrode). The input is supplied with sinusoidal voltage signal with amplitude of 20 V pp with different frequencies in the range 50 Hz -4 MHz. On Fig. 3 are shown the input and the output voltage signals from the sample at the lowest frequency of 50 Hz without load. The input signal is the upper curve. The output signal is obtained only by the piezoelectric transfer in the thin PVDF layer, without any amplification or filtering. As only one type of piezoelectric material with defined piezoelectric coefficient is used, it is not expected gain of the signal or transfer coefficient higher that unity. It can be seen that the signals are the same in magnitude, phase and smoothness (lack of distortions). This is due to the negligible losses in the structure, as the dipoles still can follow the stimulating signal change. The polarity change is relatively slow in comparison to the PVDF dipoles mobility, so the inner polarization process is develop without heat losses. In addition, the serial resistance of the films and the contact resistance at the interfaces can be neglected. Fig.3 The input and the output voltage signals (AC/AC performance) of the piezoelectric PVDF transformer at 50 Hz without load.
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In Fig. 4 the results of transfer function and tanδ are shown as a function of the frequency of the input signal. It can be seen that the dielectric losses increase sharply when the transfer function started to decrease around 1MHz input frequency, which is boundary for the element. The measurements of the output voltage were done at open circuit and at various load resistances -100 Ω, 1 kΩ and 10 kΩ. In Fig. 5 the results of transfer function of the PVDF transformer under loads are shown.
Fig.5 Transfer function of the piezoelectric PVDF transformer with different loads
The transfer function shows that for frequencies from 50 Hz to 500 kHz the ratio of the signals is close to 1. This is due to the fact that the top electrodes are equal and they are located in same plane. For frequencies above 500 kHz the characteristic started to decrease but during the measurements phase shift between the input and output voltage signals was observed. The phase shift between the signals is shown on Fig. 6 . By the author knowledge, the best value for this boundary frequency has been achieved in piezoelectric transformers with PZT material, where the curve drops at 56.5 kHz [13] . Therefore, one of the advantages of the as suggested PVDF structure is the improved frequency dependence of the main characteristics in broader frequency range.
Fig.6 The phase shift between the input and the output voltage signals at 3,8 MHz without load

Summary
The transfer function of the PVDF transformer was measured at different frequencies in the range 50 Hz -4 MHz at open circuit and for various load resistances. It can be seen that for frequencies from 50 Hz to 500 kHz the transfer ratios are near to 1. This is due to the negligible losses in the structure and it is related to the PVDF dipoles mobility. For frequencies above 500 kHz the characteristic started to decrease and phase shift between the input and output voltage signals was observed, due to delay in the re-orientation of the dipoles. At input frequency of 1MHz the dielectric losses increased sharply, so it can be accepted as boundary for this microelement.
The future work could be done for making structures with other configurations of electrodes and combining materials with different d xy coefficients to obtain step-up or step-down transformer and its investigation. As well, due to the influencing factors for the high-frequency response of a transformer are leakage inductance, winding capacitance, source impedance, and load impedance, hence, these parameters should be further measured for the novel prepared structures.
